History of animal experimentation
Humans have been using animals for a very long time, initially for food, for transport and for companionship. The use of animals in experimental research parallels the development of medicine, which had its roots in ancient Greece, where Aristotle and Hippocrates investigated the structure and function of the human body (see their respective Historia Animalium and Corpus Hippocraticum). These works are based mainly on dissections of animals, since performing autopsies on humans was not permitted at that time. Galen (130 AD to 201 AD), physician to the Roman Emperor Marcus Aurelius, conducted physiological experiments on pigs, monkeys and dogs that provided a basis for medical practices in the centuries thereafter. After Galen, experimental science stopped until the beginning of the Renaissance, when Vesalius took up the empirical approach, starting with anatomical studies; later, physiological studies were also carried out.
The development of Cartesian philosophy in the 17th Century meant that experiments on animals could be performed with little ethical concern. The French philosopher René Descartes (1596 to 1650), for example, stated that living systems could be understood on purely mechanical principles. The difference between humans and animals was that a human had a mind, a prerequisite for awareness and consequently for the capability of feeling pain, whereas animals could not think and were more like machines. Jeremy Bentham (1789), however, opposed Descarte' s views by stating that 'The question is not, can they reason? Nor, can they talk? But can they suffer?'
The discovery of anaesthetics and Darwin' s publication On the origin of species in 1859, emphasising the biological similarities between humans and animals, contributed to an increase in animal experimentation. Claude Bernard then published his book 'Introduction à l'étude de la médecine expérimentale' in 1865, which introduced methodology as a tool for the design of physiological experiments. The development of microbiology resulted in a further escalation in the use of animals when Koch' s postulates stated that the pathogenicity of micro-organisms could be proven by successfully infecting healthy, susceptible animals (6, 66) .
In the 20th Century the development of pharmacology, toxicology and immunology caused yet another increase. This continued until the early 1980s, when the number decreased, probably because of public awareness and strict legislation on animal use, the development of animal ethics committees, and the improved quality of the animals used. During the last decade, however, the number of animals used has again increased, mainly due to the potential advantages that may accrue from genetic modification.
The use of laboratory animals
Today, 75 to 100 million vertebrates are used per year worldwide in research, teaching and testing for a wide range of purposes, including 10.7 million vertebrates in Europe (66) . Drug research, testing of vaccines and other biologicals, and cancer research account for about 70% of the animals used, while the remaining 30% are used for purposes such as fundamental research, for diagnostic purposes, for teaching, etc. (Fig. 1 ). Mice and rats are the most frequently used species (Fig. 2) .
In many countries it is mandatory to grade the level of discomfort for the experimental animal as minor (e.g. single blood sampling), moderate (e.g. recovery from anaesthesia) and severe (e.g. toxicity testing). In Europe for example, records indicate 50% of laboratory animals experience minor discomfort, 30% moderate discomfort, and 20% severe discomfort.
Development of laboratory animal science
The increasing demand for high-standard animal models, together with the more critical view taken of the use of animals for experimental purposes, led to the development of laboratory animal science in the 1950s. This is a multidisciplinary branch of science aimed at contributing to the quality of experiments in which animals are used and at improving their welfare. It encompasses the biology of laboratory animals, their environmental requirements, genetic and microbiological standardisation, prevention and treatment of disease, experimental techniques, anaesthesia, analgesia and euthanasia, alternatives to their use, and ethics. The guiding principles are replacement, reduction and refinement (the Three Rs), first proposed by Russell and Burch in 1959 in their book The principles of humane experimental technique (49) .
'Replacement' means the substitution of living animals by in vitro techniques (e.g. cells, tissues), computer models and other alternative methods. 'Reduction' means a decrease of the numbers of animals used by standardising in terms of genotype and microbiological quality, and by standardisation of the experimental procedures and of the environment in terms of food and climate in the animal room. The value of statistical assessment prior to the experiment (i.e. power analysis) in order to calculate accurately the number of animals needed has also been noted. 'Refinement' means a decrease in discomfort by meeting the behavioural and physiological needs of the animal through adequate housing and husbandry, by provision of adequate anaesthesia, analgesia and care, guaranteeing the skills of the researcher/animal staff, improving experimental procedure and determining a 
Welfare of laboratory animals
Animal experiments should only be performed when no alternative is available and when the benefit of the experiment outweighs the suffering of the animal. When animals are used, there is a legal and moral obligation to safeguard welfare and minimise discomfort, since this is generally beneficial for both the animal and the experimental outcome. Discomfort and stress both before and during the experiment can lead to non-specific effects such as endocrinological and immunological changes, thus jeopardising results (64) .
What is good animal welfare?
This is a complex issue and part of a continuing scientific and philosophical debate. It is arguable whether these five freedoms in fact represent an adequate basis for welfare. The ability of an animal to cope with the environment it is in, and thus exert control over its life, may be more important (68) . This is in line with Broom and Johnson' s definition of animal welfare as 'its state as regards its attempts to cope with its environment' (14) . Predictability and controllability are key concepts in this respect, but some uncertainty in terms of unpredictability and uncontrollability is equally important (69) . A predictable and controllable environment might lead to boredom, while total unpredictability and uncontrollability might be stressful to the animal. This means that the state of welfare can be defined as a state of balance between positive and negative experiences similar to those of the animals' wild counterparts (61) .
While welfare may be considered to be a subjective experience, it has a biological function that is related to the fitness and survival of the animal, and researchers have suggested that welfare is compromised when the animal' s evolutionary fitness is reduced (1, 14) .
Assessment of welfare
Assessing welfare is also a complex problem, and a number of approaches have been taken to try and resolve it. The question is whether the animals are physically and psychologically healthy and whether they get what they want (for example, do they need or want more space and will their health improve if more space is provided?). In respect to health, early warning signs are obviously important. Needs can be defined as requirements, fundamental in the biology of the animal, to obtain a particular resource or respond to a particular environmental or bodily stimulus (14), whereas 'wanting' is related to an incentive motivation.
Preference tests and the behaviour of animals in correlation with their choice can provide information on what an animal wants (2, 4, 12, 21, 22, 58) . Assessment of wellbeing should ideally be performed in a positive way, such as by measuring pleasure, by preference tests or by behavioural observations in the home cage. In order to measure pleasure, anticipatory behaviour expressed by an increase in activity prior to an announced reward may be a useful tool to elucidate welfare in terms of the positive and negative experiences (51, 61) . Anticipatory behaviour has been described as a typical arousal with goal-directed activity that occurs in the appetitive phase when the actual reward is not yet present (e.g. food, water, sexual contact, access to enriched housing) (61).
Such tests, however, have some limitations; for example, the animal' s ad hoc choice might not reflect long-term priorities, the animal may be forced to choose between non-valued commodities or the choice may be too complex. Nevertheless, when the right 'question' is asked in terms of the animal' s sensory capacity, cognitive ability and natural history, it is reasonable to assume that natural selection has equipped the animal to make such choices (27) . Measuring the strength of preference by examining the strength of motivation for a certain option makes preference tests even more valuable (50, 59) .
Motivated behaviour together with physiological data may provide a useful indicator of animal priorities and physical health, and of the effects of the environment, husbandry and experimental procedures performed on the animal (32) . Behavioural observations in the home cage can be used to study differences in the behavioural repertoire after changing the living conditions of animals, such as the provision of cage enrichment or a social partner. Animal well-being is in general related to a broad behavioural repertoire; to evaluate well-being requires a thorough knowledge of the specific behaviour and biological needs of that particular species (5).
Another way of assessing the well-being of an animal is to take the negative approach by measuring its failure to cope, leading to discomfort and/or stress, and by measuring pain. Until recent times this approach was frequently used. Behavioural, physiological and post-mortem parameters are suitable for measuring discomfort. Behavioural parameters that are utilised include abnormal behaviours such as stereotypies, posture, sudden fear or aggression, vocalising, a decrease in grooming leading to chromodacryorrhea (a red secretion around the eye and nose) in rats and mice, and activity changes. Physiological changes include weight loss, reduced food intake, diarrhoea, respiratory and cardiovascular signs, and changes in stress-hormone levels and immunological parameters (8) . More recently radio-telemetry has enabled heart rate, blood pressure and body temperature to be measured in stress-free, awake and freely moving animals (34) . Post-mortem parameters are valuable in assessing animal welfare retrospectively, with the results being beneficial for the surviving animals; examples of postmortem parameters include fatty deposits, organ size, infections, stomach ulcers and dehydration (8) .
Environmental conditions
Housing systems for laboratory animals have often been designed on the basis of economic and ergonomic aspects (such as equipment, costs, space, work load, and ability to observe the animals and to maintain a certain degree of hygiene) with little or no concern for animal welfare. The environment of an animal, however, consists of a wide range of stimuli, including the social environment of conspecifics, contraspecifics and humans, as well as the physical environment of the cage and its contents (56).
Housing and husbandry have a major impact on the laboratory animal throughout its life, not only during, but also before and after the experiment. Traditional care and maintenance do not usually consider the species-specific needs in relation to housing and feeding regimes; yet the variability in specific needs not only differs between species but also within species due to the genetic background. While laboratory animals have partially adapted to captive life, they still show similarities to their wild counterparts (5, 11, 52) . The environment of captive animals should cater for physiological and behavioural needs such as resting, nest building, hiding, exploring, foraging, gnawing and social contacts.
Moreover, many laboratory animal species such as rodents and rabbits are highly susceptible to predators, and are thus likely to show strong fear responses in unfamiliar situations if they cannot shelter. This is shown by attempts to flee, biting when handled, or sudden immobility to avoid being detected. Careful handling from a young age, together with conditioning to experimental and husbandry procedures, will probably reduce these stress responses considerably (29) , and for this reason cages should be provided with shelter or hiding places. Ideally, the animal should feel secure in a complex, challenging environment that it can control (47) . A sense of security can be achieved by providing nestable and manipulable nesting material, hiding places and compatible cage mates.
In practice, however, laboratory animals are usually housed throughout their lives in relatively barren cages, and given unrestricted access to food. This frequently results in adverse effects on the behaviour and physiology of the animals, and in a shortened lifespan due to overfeeding and inactivity (38, 55, 57) . Standardisation of environmental conditions has been designed to reduce individual differences within animal groups (intraexperimental variation), ultimately facilitating the detection of treatment effects, and to reduce differences between studies (inter-experiment variation), ultimately increasing the reproducibility of results across laboratories (45, 66) . Nevertheless, despite rigorous attempts to equalise conditions among sites, tests with different inbred mouse strains, simultaneously carried out in three recommended laboratories, revealed significant effects from their respective sites for nearly all variables tested (18, 67) . It therefore seems that barren, restrictive and socially deprived housing conditions interfere with the development and function of brain and behaviour (10, 20, 48, 70) , and restrictions such as those imposed by the standard rodent cage are potentially stressful (37, 39) . In other words, the barren environment that has been devised to minimise uncontrolled environmental effects on the animals may ironically be a primary source of pathological artefacts.
Current thinking is that appropriate structuring of the cage/pen environment may be more beneficial than provision of a large floor area, although a certain area is necessary to provide a structured space. Except for locomotor activity (e.g. playing), animals do not actually use space, but instead use resources and structures within the area for specific behaviours. It is difficult to scientifically specify the minimum cage sizes for maintaining laboratory animals; much depends on the strain, group size and age of the animals, their familiarity with each other, and their reproductive condition. Cage sizes recommended in current European guidelines on accommodation for laboratory animals are generally based on scientific evidence; where such evidence is lacking or insufficient, they are based on what is described as best practice (17) , which has been agreed upon by researchers, veterinarians and animal staff.
Environmental enrichment
One of the possible ways to improve the living conditions of laboratory animals is to give animals opportunities to perform more species-specific behavioural repertoires through providing enrichment of their environment. This can be defined as any modification in the environment of captive animals that seeks to enhance their physical and psychological well-being by providing stimuli that meet their species-specific needs (3, 43) . This approach has been increasingly introduced into laboratory animal research facilities (44) . From a welfare point of view, it seems to be a good development, as there is general agreement that the well-being of the animals improves with the provision of environmental enrichment. For example, beneficial effects of environmental enrichment have been described in animals with brain damage and disturbed motor function; an increased arborisation of dendrites has been found in the brains of these animals (41) . The effects of environmental enrichment are dependent on the type of enrichment used. In the field of neuroscience, enrichment mainly refers to social housing in a large, complex cage containing different toys that are changed frequently in order to induce changes in the brain and behaviour. In animal welfare research, enrichment focuses on specific needs such as nest building, hiding and gnawing, in order to improve the well-being of the animals.
Enrichment of the animal' s environment can be focused on both the social environment (social partners, including human beings) and the physical environment consisting of sensory stimuli (auditory, visual, olfactory and tactile) and nutritional aspects (supply and type of food). The animal' s psychological appraisal of its environment in terms of controllability and predictability can be improved by structuring the cage with nest boxes, tubes, partitions and nesting material (56) . Van de Weerd et al. (58) showed that tissue, for example, was strongly preferred by mice as a component of their cage (Fig. 3) ; dogs and rabbits on the other hand required a higher position in the enclosure, such as a platform or shelf, for control of their environment (28, 53) (Fig. 4) .
Enrichment items need to be designed and evaluated on the basis of knowledge gained in enrichment studies (65) . Besides meeting the needs of the animal, enrichment items should be practical and inexpensive, and pose no risk to humans, the animals used or the experiment. There is some concern, however, as to whether environmental enrichment conflicts with the standardisation of experiments. The question is: 'Do enriched animals show more variability in their response to experimental procedures because they show more diverse behaviours?' Some researchers think they do. In complex environments, for example, animals are not just responding to one stimulus but to many variable stimuli at once, and this can result in increased variation among subjects (24) .
The counter-argument is that because an animal can perform more of its species-specific behaviour in enriched environments, it may be able to cope better with novel and unexpected changes and thus in fact show a more uniform response. If animals from enriched housing conditions are therefore likely to be physiologically and psychologically more stable, it follows that they may be considered as more refined models and so ensure better scientific results. In practice, however, results from different studies seem to indicate that the effects of enrichment on the variability in results depend on the parameter being measured, the strain of animal and the type of enrichment (60).
It seems clear, therefore, that environmental enrichment should comprise a well-designed and critically evaluated programme that benefits the animals as well as the experimental outcome; it should not be a process of randomly supplying objects that staff consider attractive for the animals. Enrichment needs to be regarded as an essential component of the overall animal care programme, and just as important as nutrition and veterinary care. The key component of the enrichment programme is the animal-care staff, whose members must be motivated and educated (54) . In summary, evaluating enrichment in terms of the animal (i.e. by assessing the use of and preference for a certain enrichment, and the effect on behaviour, the performance of species-typical behaviour and physiological parameters) is essential. Equally important is evaluating the impact of enrichment on the scientific outcome. In practice, results from different studies seem to indicate that the effect on the outcome will depend on the parameter measured, the type of enrichment used and the strain of the animal (7, 58) .
Legislative aspects of housing and care of laboratory animals These guidelines are based mainly on empirical considerations and are now under revision. Space regulations should allow housing of gregarious animals in harmonious groups. Increasing the complexity of the cage is more important than increasing floor area as such, as the inclusion of structures will provide more opportunity for activity and will increase useable space (16) . In the United States of America (USA), guidelines on accommodation and care of laboratory animals are included in the 'Guide for the care and use of laboratory animals of the National Research Council' (42), although mice, rats and birds do not come under the official legislation in the USA. The use of environmental enrichment to improve the well-being of laboratory animals is widely promoted and is currently incorporated in European legislation (17, 33) . Many other countries have similar legislation and regulations on this matter.
Other organisations besides governments are involved in developing guidelines and regulations on animal use. In Europe the 2001 position paper of the European Science Foundation, an association of the major science-funding organisations, endorsed the principles of the Three Rs and the need for laboratory animal welfare research. The aims of the European Science Foundation are to advance the cooperation of scientists in Europe, to promote the mobility of researchers and to advise national member organisations on science policy issues (26) .
Future trends
Two specific trends that affect the way laboratory animals are used are briefly discussed. They are the use of genetically modified animals and of individually ventilated cage systems.
Genetically modified animals
Genetically engineered or modified mice are those with induced mutations, including mice with transgenes, with targeted mutations (knockouts) and with retroviral, proviral or chemically induced mutations (19, 31, 62) . Transgenic technology focuses on the introduction or exclusion (knockouts) of functional gene material in the germline of an animal, thus changing the genetic characteristics of an organism and its progeny. The most frequently used methods for genetic transformation of the germline are microinjection of deoxyribonucleic acid (DNA) into the pronucleus of fertilised oocytes, and the injection of transfected embryonic stem cells into normal mouse blastocysts resulting in a subsequent generation of chimaeras. These techniques have led to the rapid development of a variety of animal models designed for the study of gene regulation, gene expression, pathogenesis and treatment of human and animal diseases (e.g. Alzheimer's disease, growth hormone disturbances, poliovirus vaccine testing in humans and mastitis in cows).
The process of transgenesis by microinjection may itself compromise welfare, as the donor animals, vasectomised males and foster mothers needed for the production of the offspring may experience discomfort from procedures such as early mating (from three weeks onwards), anaesthesia, surgery and injections. Furthermore, at the level of integration of the microinjected DNA into the genome, unintentional mutations that lead to welfare problems may occur. Detrimental side effects may result when the newly introduced gene expresses itself, as in the example of the giant mouse with an overproduction of growth hormone and suffering from chronic kidney and liver dysfunction (46) . The presence of both functional and non-functional microinjected DNA has been shown to increase the body weight and mortality of mouse pups in the first two to three days after birth, although no significant differences in behaviour or morphological development were observed during later stages of development (62) .
Yet another concern is the increase in the use of genetically modified animals (e.g. an increase in numbers of mice used per year of more than 23%). This is not only due to an increase in numbers used in research but also to an increase in the numbers of mice necessary to create each genetically modified line. Non-transgenic and wild-type littermates that are suitable neither for research nor for further breeding may also result (23) . Ethical concerns have been raised suggesting that the integrity of such animals has been compromised; additional comment has been made with respect to the patentability of transgenic animals such as the oncomouse.
While these issues are important, transgenic technology has great potential for increasing the understanding of the role of genes, and may produce suitable models for the study of human and animal diseases. The rewards and possibilities for those working in this field are enormous. However, the science is still at an early stage and the welfare implications for the animals have to be carefully monitored, at least until the second generation of offspring (19, 40, 62, 63) . A surveillance system (e.g. score sheets) can be helpful in identifying welfare problems. Humane endpoints should be established in order to euthanise severely affected animals (8, 40, 63) . Data banks from existing genetically modified animals will be useful to help predict potential impairments in new genetically modified lines yet to be created.
Individually ventilated cage systems
Individually ventilated cage (IVC) systems, which were first used 30 years ago, are now in favour, especially for housing transgenic rodents. Typically, each cage can be ventilated with 25 to 120 air changes per hour, with the air blown into the cage at relatively high speed (Fig. 5) . The advantages of the system are the improved protection of the animals against micro-organisms at cage level, protection of the animal-care staff against allergens, the improved microclimate and the reduced need for cage cleaning. However, health monitoring and inspection of the animals can be difficult when such systems are used, as can any necessary procedures and cage cleaning, and the high intra-cage ventilation rate could induce chronic stress and heat loss with the draught (9, 35) . This has the potential to affect welfare and must be considered. In respect of rats for example, their physiology and behaviour were not affected when there were fewer than 80 air changes per hour (35) ; with mice, the location of the air supply in their cage, the ventilation rate and the presence of nesting material were important when considering the impact on their well-being (9) . When introducing IVC systems in the animal facility, attention should be paid to the provision of nesting material, inspection and to handling of the animals in cases where cage cleaning is limited.
Conclusions
The scientific study of the welfare of laboratory animals has resulted in useful findings, but often has simultaneously generated conflicting results. No single parameter can yet be conclusive for the assessment of welfare; multiple parameters need to be investigated in order to be able to interpret implications for the animals (5, 30, 36) .
With regard to environmental conditions, it is advisable to focus on specific needs of the animals and to implement relatively simple enrichment, which is preferably standardised for each species. This approach will influence variability much less than complex cages such as those used in neuroscience research where the objective has been to induce changes in the brain and in learning and memory abilities. Even when enrichment increases variation within the experimental study, it is important not to overstate this, but instead balance this variation against the improved well-being of the animals.
More data are needed to provide information related to the effects of specific enrichment programmes on the animal, on specific animal species, strains and models, and on experimental results.
It is very important to describe the type of enrichment sufficiently in the Material and Methods section of scientific publications to ensure the reproducibility of experimental results. Only then can the controls and variables in the scientific experiment be accurately defined and measured.
As animal welfare is a prerequisite for reliable experimental results, it is essential to seek for methods and procedures that will improve the well-being of the animals. Animal welfare and good science are inextricably connected. 
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Evaluación por métodos científicos del bienestar de los animales de laboratorio

V. Baumans
Resumen El uso de animales en la investigación experimental va en paralelo al desarrollo de la medicina, cuyas raíces se hunden en la Grecia clásica. La creciente demanda de modelos animales de calidad, junto con las críticas vertidas sobre el modo en que se utilizan los animales, ha llevado a la aparición de una rama multidisciplinar de la ciencia denominada 'ciencia de los animales de laboratorio' que se rige por tres principios cardinales: la sustitución, la reducción y el perfeccionamiento (o "tres erres" por sus iniciales en inglés: 'replacement, reduction, refinement'), formulados por Russell y Burch en 1959. Quien utiliza animales tiene la obligación de proteger su bienestar y causarles el menor sufrimiento posible, lo que además suele ser positivo para el propio proceso experimental. Desde el punto de vista del bienestar, la capacidad del animal para reaccionar a las condiciones de su entorno y ejercer el control de su vida parece revestir una importancia capital. El autor se centra en la evaluación del grado de bienestar, los factores ambientales que influyen en él, los requisitos legislativos y las tendencias que se anuncian para el futuro, como son la obtención y utilización de animales modificados genéticamente.
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